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Abstract
The application of a high-frequency large-bandwidth synthetic-aperture penetrating radar for
inspecting ancient masonry structures is described. The system operating in a no-contact manner has
been expressly developed and tested for detecting embedded discontinuities in historic painted walls,
where contact has to be avoided in order to exclude damages to the frescos. The transmitted  signal
was a Continuous Wave Step Frequency (CW-SF) waveform, scanning a 4 GHz bandwidth with 10
GHz centre frequency, thus providing high resolution images of the investigated structures The radar
system, by mechanically moving the transmitting and receiving antennas, can synthesize a linear
aperture up to 2 m. After some laboratory tests performed in order to assess the overall system
performances and the detection capability on a dummy wall, an extensive measurement campaign was
carried out in an ancient large hall, Salone dei Cinquecento of Palazzo Vecchio in Florence (Italy).
The aim of this experimental data collection was to find signatures of discontinuities in the masonry
where fragments of a famous fresco, “Battle of Anghiari” by Leonardo da Vinci, can be hidden.
This campaign was realized thanks to the hospitality of the Municipality of Firenze and the support
and coordination by Editech srl of Firenze.
Introduction
Radar techniques are frequently used as a non invasive tool for the diagnostics of buildings, in
particular to assess their structural safety and durability, by collecting information on the internal
structure and localising internal voids and defects. Conventional penetrating radar systems are usually
designed for ground inspection rather than for building diagnostics: they use centre frequency not
greater than 1-2 GHz and operate in contact with the surface. In Cultural Heritage environment care
must be often taken to avoid contact and the system here described fits this feature. On the other side
high spatial resolution requires a large bandwidth, which can be attained only through a
correspondingly high operation centre frequency. Masonry investigation requires penetration depth
rarely exceeding tens of centimetres, and the wall’s layers are rather dry and homogeneous. These
characteristics make it possible the use of radars operating at  higher frequency. Besides taking
advantage of synthetic aperture near-field-focused processing techniques, higher spatial resolution and
signal-to-noise ratio can be also attained. These considerations suggested to perform some
preliminary laboratory tests on a dummy wall in order to assess the performances of a X band radar
specifically developed for this activity. An extensive measurement campaign was hence carried out in
an ancient large hall, Salone dei Cinquecento of Palazzo Vecchio in Florence (Italy).
The radar system
The apparatus used in this experimentation, whose scheme is shown in fig.1, is based on a
Continuous Wave Step Frequency (CW-SF) Radar operating at X band (10 GHz centre frequency),
with bandwidth of 4 GHz and a mechanical digitally controlled frame which allows the radar sensor
to move along two perpendicular directions.
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Figure 2. Photo of the apparatus
The radar data are collected by mechanically moving the couple of transmitting and receiving horn
antennas along a vertical rail, 2 meters long at 1cm step, and at different horizontal positions. An
external microwave synthesizer (HP 8672A) produces the irradiated signal; the  receiver is based on a
simple homodyne architecture. The synthesizer after a preliminary power amplification, feeds the
antenna and provides a reference signal for the mixer, that detects the in-phase component of the
received signal. The demodulated signal is amplified and digitized before to be sent to the acquisition
board, that provides the digital samples to a portable personal computer. The system obtains radar
images by range and cross-range synthesis: as the antennas scan a bi-dimensional surface, the
received raw data provide three-dimensional information about the internal structure of the wall, i.e.
bi-dimensional images on any plane crossing the target under investigation. The principle of Synthetic
Aperture Radar is nowadays strongly consolidated and it is clearly explained in many papers and
books [Curlander J.P.  and  Donough R.N.M , 1991].
Table 1: Radar and geometrical parameters of the measurement set-up.
Frequency (MHz)  8000-12000
Polarisation VV
Transmitted Power (dBm)  1.
Antenna Gain (dB) 16.5
Frequency step (MHz)  5.
Range resolution (cm)  3.75
The value of the complex radar image is obtained by coherently adding all signal contributions, taking
in account their phase history. Details on the algorithm used in our case can be found in [Pieraccini et
al., 2001]. Propagation into the wall needs the knowledge of its complex dielectric constant. The topic
of focusing inside a dielectric medium is well investigated in the paper [J. Fortuny-Guasch, 2002].
With concern to the range resolution of a radar, this can be defined by Rayleigh’s criterion, which





where B is the swept RF band, c the velocity of the light and εr the relative dielectric constant of the
medium. The cross-range resolution is obtained from Synthetic Aperture and is about ten centimeters.
A deeper analysis of propagation inside the wall should also include multiple reflections evaluation. In
the simplest case dielectric change due to the step between air and wall simply affects the speed of the
electromagnetic waves by a constant factor (speed in dielectrics is lower than in air); attenuation
increases as frequency grows. The first effect is considered in the image reconstruction  by scaling
internal wall distances by a factor greater than one. The effect of internal defocusing on cross-range
Figure 1 : Scheme of the radar sensor
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resolution is neglected considering that the antenna field of view is small. Instrumental parameters of
radar and geometrical configuration selected values are summarized in table 1.
The Measurements  at a Cultural Heritage test site
The technique, after some preliminary laboratory tests reported in [Pieraccini et al, 2003] was applied
to a real configuration: the thick walls of Cultural Heritage is Palazzo Vecchio. During winter 2001
the radar system was installed on a movable frame (see fig. 2) to collect some data observing the
painted walls of the main hall of the palace: Salone dei Cinquecento with the aim of finding evidences
of discontinuities in the masonry where fragments of the famous fresco “Battle of Anghiari” by
Leonardo da Vinci can be hidden. Three campaigns with different radar configurations were carried
out, here only results concerning X band measurements are discussed. The radar moves along a 2
meters long rail, perpendicular to the floor and connected to a movable trestle which allows to make
also a spatial sampling parallel to the other wall surface size. The images, shown in figures 3, are
obtained by means of a two-dimensional focusing. The resolution  along range direction, inside the
wall (taking into account the propagation factor and RF band) is 2.5 cm while along the vertical
direction the resolution is worth 12 cm (at 3 metres distance) and it is obtained through focusing
procedure. These values take into account the complex dielectric constant of the masonry, measured
during the campaign. The propagation path reconstruction makes also use of Snell law to take into
account the presence of the main dielectric interfaces on propagation. Fig.3 resumes the experimental
results obtained from the two painted sides of the hall in 1m per 2m patches. Images represent a plane
section inside the wall; the origin corresponds to the air-wall interface and the first position at the
bottom of the image is 6.5 m height from floor. Colours represent reflectivity values: red the highest
values, blue the lowest. The image corresponds to the antenna pattern average over a 80 centimetres
wide area. Each image clearly show the first interface between air and wall and the last wall-air
located at a distance from minimum of 45 cm to a maximum of 70 cm. These values are consistent
with the ones measured directly on the walls. The interested zone is between these two interfaces and
a great heterogeneity among different walls is evident. In particular the internal structure of west side
is different from that one of the east side where a strong signal next to the first interface can be
appreciated.
Conclusion
A microwave wall-penetrating high frequency radar based on the synthetic aperture technique and on
the use of CW step-frequency waveform was designed and built. With respect to presently available
GPRs, mainly based on contact antennas manually or mechanically trailed along the wall to be
inspected, and working at low frequencies, this equipment appears to exhibit some advantages. It
works as a non-contact monitoring tool, and it exploits the synthetic aperture processing capabilities,
thus reducing the well-known distortion of non-coherent GPR, that  transforms a point scatter into a
hyperbolic-shaped echo. High frequency operation is consistent with large bandwidths, thus yielding
high resolution. The design of this system has been particularly intended for application to diagnostic
investigation of historic buildings of architectural Heritage. These features have been demonstrated by
some preliminary results obtained on a  Cultural Heritage  wall structure, about 1 meter thick,
confirming the potential of such a system to detect structural differences in ancient masonry.
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Figure 3 Selected images collected for each panel showing radar reflectivity distribution inside the wall: red corresponds
to strong reflectivity, blue to weak. West corresponds to the left side of the photos where the corresponding panel is
enhanced by the red rectangle.
